Hybrid sterility is a postzygotic reproductive isolation mechanism that prevents successful interbreeding between different species. The mule duck, an intergeneric F 1 hybrid between the domestic duck (Anas platyrhynchos) and Muscovy duck (Cairina moschata), displays sterility with gametogenesis failure in both sexes. Although the F 1 hybrid male is known to exhibit large-sized testes that produce no sperm, the spermatogenic phenotype has not been well described. In this study, we revealed the abnormal meiotic phenotype of the F 1 hybrid spermatocytes and dissimilarity in the karyotypes between the two parental species. Histological examination of the F 1 hybrid testis showed the accumulation of primary spermatocytes with irregular highly condensed chromosomes in the seminiferous epithelium, whereas secondary spermatocytes and postmeiotic cells were absent and many testicular cells undergoing apoptosis were present. Cytogenetic analyses of spermatogenic cells from the F 1 hybrid male revealed that meiosis succeeded in entering pachytene, but failed to progress beyond diakinesis-metaphase I in primary spermatocytes, and that a number of degenerated spermatocytes were present at pachytene. Karyological observations showed morphological differences in chromosome 1 and the Z chromosome between the parental species. These results collectively suggest that the main cause of abnormal spermatogenesis in the F 1 hybrid is pachytene and/or metaphase I arrest, which possibly resulted from the failure of homologous chromosome pairing, recombination, and subsequent chromosome segregation due to chromosomal incompatibility between the parental species.
Introduction
The reproductive isolation barrier plays an important role in maintaining the identity and uniqueness of species and promoting speciation. Reproductive isolation mechanisms that restrict gene flow between different species can be categorized into two main types: one is the prezygotic (before the formation of zygotes/before fertilization) isolation mechanism, which prevents the eggs from being fertilized by the sperm of different species by gamete isolation due to gametic incompatibility and the environmental/ spatial and behavioral isolation of two populations; and the other is the postzygotic (after gamete fusion) isolation mechanism, which prevents the formation of fertile offspring after fertilization (Wu and Palopoli, 1994) . When animals of genetically diverged populations hybridize, the resulting hybrids exhibit various abnormalities in development and/or reproduction, being lethal or sterile depending on the combination of parental species (Forejt and Iványi, 1974; Iwamatsu et al., 1984 Iwamatsu et al., , 1986 Iwamatsu et al., , 2003 Matsuda et al., 1991; Hale et al., 1993; Sakaizumi et al., 1993; Yoshiki et al., 1993; Shimizu et al., 1997; Safronova et al., 1999; Elliot et al., 2001 Elliot et al., , 2004 Takahashi et al., 2005; Borodin et al., 2006; Sakai et al., 2007; Oka et al., 2010) . Postzygotic barriers such as hybrid inviability, sterility, and/or breakdown (F 1 hybrids are viable and fertile while further hybrid generations such as F 2 and backcrosses are inviable or sterile) ensure reproductive isolation for fixing and maintaining species by preventing hybrids from passing their genes to the other population. In vertebrates, the most common case of postzygotic reproductive isolation is spermatogenic disruption in F 1 hybrids between different species (Laurie 1997) , which is often characterized by a small testis size, few or no spermatozoa, and a reduced number of germ cells, as is found in the medaka (Iwamatsu et al., 1984; Hamaguchi and Sakaizumi, 1992; Shimizu et al., 1997) , wallaby (Close et al., 1996) , mule and hinny (Chandley et al., 1974) , and mouse (Matsuda et al., 1991; Hale et al., 1993) . Incompatibility in the reproduction of these interspecific hybrids is believed to be mainly caused by a difference in the karyotypes and/or chromosome structures of parental species.
Cytogenetic studies of avian hybrid sterility are very limited except for Galloanserae species. A variety of hybrids have been obtained in Galliformes by mating chicken with pheasants (Yamashina 1943a; Kang et al., 2011) , quails (Wilcox and Clark 1961) , and turkeys (Olsen, 1960) , although their F 1 hybrids are entirely sterile. Yamashina (1943a) has suggested that the chromosomal imbalance involving genetic dissimilarities between parental species was an essential factor for the production of infertile offspring. The mule duck, an intergeneric F 1 hybrid between the domestic duck (Anas platyrhynchos, Anatidae, Anseriformes) and Muscovy duck (Cairina moschata, Anatidae, Anseriformes), which are estimated to have diverged around 19 million years ago (Jiang et al., 2010) , and its sterile phenotype is also a well-known example of the postzygotic reproductive barrier through hybrid sterility in birds. Viable hybrid progenies have been produced in a mating of the Muscovy drake with the domestic duck. The fertility in this crossbreeding and embryo mortality have been reported to be around 43% and 19%, respectively, from days 2-12 after artificial insemination . The hybrids are physically more vigorous than either parental species; however, they are completely sterile. The males show normal testicular development and sexual activity but do not produce spermatozoa (Yamashina, 1941; Snapir et al., 1998) . The females have undeveloped ovaries with no ova (Yamashina, 1941; Marie-Etancelin et al., 2008) . On the other hand, the progenies obtained by a mating of the domestic drake with the Muscovy duck have a different phenotype: males do not produce spermatozoa, whereas females can produce ova (Yamashina, 1943b; Marie-Etancelin et al., 2008) but do not lay fertilized eggs. Based on the observation of testicular cells using a classical cytological technique, Yamashina (1941 Yamashina ( , 1942 Yamashina ( , 1943b found that meiotic cells degenerated primarily at the first meiotic metaphase (MI) in both F 1 hybrids obtained by reciprocal mating, although a fraction of meiotic cells degenerated at pachytene. Previous karyological studies showed morphological differences in chromosome 1, size differences in the sixth largest chromosome (Yamashina, 1942) , and morphological differences in chromosome 1 and the Z chromosome (Mott et al., 1968) between the two parental species. However, precise cytogenetic analysis of the F 1 hybrid spermatogenesis has not been conducted. In the present study, to better understand the genetic mechanisms of abnormal spermatogenesis in the mule duck, we described the gonadal phenotype of the male mule duck by examining the progression of spermatogenesis, apoptosis of testicular cells, and meiotic chromosome configuration, and performed karyological characterization of the mule duck and parental species by describing their chromosome morphologies.
Materials and Methods

Histological Analysis of Testis Tissue Sections and the Detection of Apoptotic Spermatogenic Cells
One adult male each of the domestic duck (Anas platyrhynchos), the Muscovy duck (Cairina moschata), and their F 1 hybrids, which were obtained by crossing the Muscovy drake with the domestic duck, was used. All individuals were more than six month-old; however, their accurate age was not known. The locations where these samples were collected were as follows: the domestic duck was obtained from a fancier in Ehime prefecture, Japan; the Muscovy duck was obtained from Bangladesh Agricultural University, Mymensingh, Bangladesh; and the mule ducks were purchased from a farmer in Ratchaburi, Thailand. After an intravenous bolus injection of pentobarbital, the testes were taken, fixed overnight in Bouin's solution, and stored in 70% ethanol at room temperature. All experimental procedures using animals conformed to the Guidelines established by the Animal Care Committee, Nagoya University. The fixed testes were sequentially dehydrated in a graded ethanol series: the testes were sequentially immersed in 70%, 80%, 90%, and 95% ethanol and two times in absolute ethanol at room temperature for 30 min each. The testes were immersed in 1:1 ethanol/xylene, two times in xylene at room temperature for 5 min each and three times in paraffin at 58℃ for 30 min, and were embedded in paraffin. They were sectioned at a thickness of 6 μm, and the sections were then deparaffinized three times for 3 min in xylene, rehydrated two times in absolute ethanol, one time in 90%, 80%, and 70% ethanol for 3 min each, and were finally stained with hematoxylin and eosin for histological observations.
Apoptosis of spermatogenic cells on testicular crosssections was examined by the TUNEL (TdT-mediated dUTP Nick-End Labeling) assay using the apoptosis detection kit, ApoMark (Exalpha Biologicals, Shirley, MA, USA). Sections were deparaffinized following the method as described above, and rinsed with 1×TBS for 5 min. Apoptotic cells were detected following the manufacturer's protocol. Slides were counterstained with methyl green after the reaction.
Meiotic Chromosome Preparation
One adult male each of the domestic duck and the mule duck was used for meiotic chromosome analysis. The locations where these samples were collected are described in the Journal of Poultry Science, 50 (4) former section. Meiotic chromosome preparations for light microscopy of meiotic chromosomes were made by the airdrying method as described previously (Imai et al., 1981) . After hypotonic treatment of the seminiferous tubules in 1% sodium citrate for 20 min at room temperature, they were placed in a fixative solution (1:1 ethanol/acetic acid) for 3-4 min and in 60% fixative solution for 3 min on ice, the cells were collected by filtration using gauze, and were then fixed with 1:1 ethanol/acetic acid. The cells in suspension were dropped onto glass slides and air-dried. Slides were stained with 3% Giemsa in phosphate buffer (pH 6.8) for 10 min.
Cell Culture and Somatic Chromosome Preparation
One female and two males of one month-old domestic ducks were purchased from a breeding farm in Japan. Their skins and mesenteries were collected and used for fibroblast cell culture. The fertilized eggs of the Muscovy duck were purchased from a breeding farm in Japan, and the fibroblast cells were collected from one female and two male embryos at day 13 after incubation. Small pieces of underwing skin tissues were collected from two females and one male of the mule duck obtained in Thailand for cell culture. Fibroblast cells were cultured in Dulbecco's Modified Eagle Medium (Invitrogen-GIBCO, Carlsbad, CA, USA) supplemented with 15% bovine serum (Invitrogen-GIBCO), 100 μg/ml kanamycin, and 1% antimycotic (PSA) (Invitrogen-GIBCO). The cultures were incubated at 39℃ in a humidified atmosphere of 5% CO 2 in air. Primary cultured fibroblast cells were harvested using trypsin and were then subcultured. After colcemid treatment (0.02 μg/ml) for 45 min, the cells were harvested, suspended in 0. 075M KCl for 20 min at room temperature, and fixed with 3:1 methanol/acetic acid following a standard protocol. After centrifugation, the cell suspension was made, dropped on glass slides, and air-dried. For karyotyping, the chromosome slides were stained with 3% Giemsa in phosphate buffer (pH 6.8) for 10 min.
Results
Progression of Spermatogenesis
Light microscopy of hematoxylin and eosin (HE)-stained testis sections revealed normal development of the seminiferous epithelium in domestic and Muscovy ducks; spermatogonia, spermatocytes, spermatids, and mature spermatozoa were present in the seminiferous tubules (Fig. 1A-D) . However, marked accumulation of primary spermatocytes was observed in the seminiferous epithelium of the F 1 hybrid and theses were extensively exfoliated into the lumina of seminiferous tubules, while neither spermatids nor spermatozoa were contained in the seminiferous tubules (Fig. 1E, F) . These results indicate that spermatogenesis in the F 1 hybrid is arrested at meiotic nuclear division I.
Apoptosis of Testicular Cells
Apoptosis of testicular cells were assessed by the TUNEL method, which detects DNA fragmentation resulting from apoptotic signaling cascades. Apoptotic cells were rarely observed in the seminiferous tubules of the parental species ( Fig. 2A-D) . In contrast, a high frequency of TUNEL-positive cells was observed primarily in the interior side of the seminiferous tubules of the F 1 hybrid (Fig. 2E, F) , suggesting the occurrence of apoptotic cell death in the accumulated primary spermatocytes of the F 1 hybrid.
Meiotic Status of Spermatogenic Cells
To determine the meiotic status of spermatocytes, Giemsastained preparations of testicular cells and nuclei from adult males of the domestic duck and the F 1 hybrid were examined. In the domestic duck testis, early and elongating spermatids and mature spermatozoa, as well as early pachytene, pachytene, metaphase I (MI), and metaphase II (MII) spermatocytes were observed (Fig. 3A-F ). In the F 1 hybrid testis, neither secondary spermatocytes nor postmeiotic cells were found, although early pachytene and pachytene spermatocytes and a number of degenerated spermatocytes with abnormally condensed chromosomes were observed (Fig.  3G-J) . Most of the degenerated spermatocytes in the F 1 hybrid testis were pachytene cells and the others were diakinesis to MI cells. Few or no such degenerated spermatocytes were observed in the domestic duck testis. These results suggest that meiosis is mainly arrested at pachytene in F 1 hybrid spermatocytes, and that a small number of meiotic cells are allowed to progress beyond pachytene and are then arrested at the diakinesis-MI stage. Such spermatocytes arrested at the pachytene and diakinesis-MI stages may be subsequently eliminated by apoptosis, leading to sterility in the F 1 hybrid male.
Chromosome Morphology
To examine morphological differences in the chromosomes of the domestic duck and Muscovy duck, Giemsastained karyotypes of the two species and their F 1 hybrids were examined (Fig. 4) . Chromosome numbers were counted for seven metaphase spreads of each individual. Two species and their F 1 hybrid showed the same diploid chromosome number (2n＝80). However, significant morphological differences were found in the location of the centromere of chromosome 1 and the morphology of the Z chromosome between the two species (Fig. 5) . The short arm ratio (p/p＋ q) was calculated for chromosome 1 by measuring the length of the short and long arms using ten metaphase spreads for each species. The short arm ratio was longer (0.37±0.01) (mean value±standard deviation) in the domestic duck than in the Muscovy duck (0.31±0.03) (Fig. 5C ). The Z chromosome of the domestic duck was subtelocentric, whereas the Muscovy Z chromosome was acrocentric.
Discussion
We showed the marked accumulation of primary spermatocytes, high frequency of apoptotic testicular cells, failure of meiosis to progress beyond MI, and a number of degenerated spermatocytes in the testis of the F 1 hybrid between the Muscovy drake and the domestic duck, and revealed that pachytene cells were dominant in the degenerated spermatocytes and diakinesis to MI cells were few. These results suggest that meiosis normally advances to the chromosome synaptic stage (zygotene-to-pachytene) but is arrested primarily at pachytene in the F 1 hybrid spermatocytes, and that a small number of meiotic cells are allowed to Islam et al.: Hybrid Sterility in the Mule Duck Tissue sections were counter-stained with methyl-green. Many apoptotic spermatocytes were observed in the F 1 testis, whereas few or no apoptotic cells were observed in the Muscovy duck and domestic duck. Scale bars＝50 μm. progress beyond pachytene and are then arrested at the diakinesis-MI stage. Such spermatocytes arrested at the pachytene and diakinesis-MI stages may undergo degeneration and subsequent elimination by apoptosis, leading to spermatogenic breakdown in the F 1 hybrid male (Fig. 6) . We have shown morphological differences in chromosome 1 and the Z chromosome between the parental species. Our present findings on the meiotic phenotype and karyotype of the F 1 hybrid differ from the findings in previous studies on the mule duck (Yamashina, 1941 (Yamashina, , 1942 (Yamashina, , 1943b in several points. Yamashina (1941 Yamashina ( , 1942 Yamashina ( , 1943b described that meiotic arrest occurred at diakinesis-MI. Morphological or size differences in chromosomes were found for chromosome 1 and the sixth largest chromosome in Yamashina (1941 Yamashina ( , 1942 , whereas a difference was shown in chromosome 1 and the Z chromosome in Mott et al. (1968) , which was the same result as that of our present study. The reason for these discrepancies needs to be clarified in the future.
The sterility of hybrids or their progeny is more common than inviability due to the postzygotic reproductive isolation mechanism in vertebrates (Laurie, 1997) . Among the primary factors for hybrid sterility, chromosomal incompatibility, which is a consequence of karyotypic evolution during the process of speciation, is the main cause of spermatogenic breakdown. Structural differences in chromosomes often cause disturbances in homologous chromosome pairing and subsequent meiotic recombination in primary spermatocytes, leading to meiotic arrest during meiosis I (Matsuda et al., 1991 (Matsuda et al., , 1992 Hale et al., 1993; Close et al., 1996; Safronova et al., 1999; Thomsen et al., 2010) . The F 1 hybrid between the horse (Equus asinus) and the donkey (E. caballus) can be used as an appropriate example here. The chromosome numbers of the horse (2n＝64) and donkey (2n＝62) differ only by one pair of chromosomes; however, comparative Journal of Poultry Science, 50 (4) All stages of spermatogenic cells (spermatogonia, first and secondary spermatocytes, spermatids) and many mature spermatozoa were observed in the domestic duck. In contrast, spermatogenic breakdown primarily occurred at pachytene in the F 1 hybrid testis, and neither secondary spermatocytes nor postmeiotic cells were found. A number of degenerated cells at pachytene were found and the degenerated diakinesis and MI stages were also present, though rarely. Scale bars＝10 μm. cytogenetic analysis by cross-species chromosome painting revealed that the syntenies of six horse chromosomes have each broken into two segments, which form separate donkey chromosomes or part of the donkey chromosome (Raudsepp and Chowdhary, 1999; Yang et al., 2004) . Such structural differences in chromosomes cause the failure of meiotic chromosome pairing in F 1 hybrids, resulting in spermatogenic breakdown in primary spermatocytes (Chandley et al., Islam et al.: Hybrid Sterility in the Mule Duck 1974). Our present study also suggests the possibility that meiotic arrest in the mule duck is associated with impaired meiotic chromosome pairing in primary spermatocytes due to chromosomal incompatibility between the parental species (Yamashina, 1941 (Yamashina, , 1942 .
In the sterile interspecific hybrid between the laboratory mouse (Mus musculus) and Mus speretus, both of which have the same diploid chromosome number (2n＝40) consisting of all acrocentric chromosomes, meiotic breakdown occurred at two different stages (pachytene and MI) (Matsuda et al., 1991 (Matsuda et al., , 1992 Hale et al., 1993) . Asynapsis of the X and Y chromosomes during pachytene due to the genetic divergence of the pseudoautosomal region between two species caused an arrest at the MI stage. However, the failure of autosomal chromosome pairing is more serious for the progression of meiosis, which results in meiotic arrest at pachytene, whereas primary spermatocytes with X-Y asynapsis but normal autosomal pairing advance to the MI stage. Since the sex chromosomal constitution of the male mule duck is homozygotic ZZ, meiotic arrest at pachytene may be mainly caused by the impaired meiotic pairing of morphologically different chromosomes (chromosome 1 and the Z chromosome). However, a small number of spermatocytes proceeded to diakinesis-MI, which succeeded in passing the synaptic stage of the first meiotic prophase.
A comparative genomic approach with chickens has helped to delineate the process of genomic and chromosomal rearrangements that resulted in species-specific differences in avian karyotypes. Comparative cytogenetic analysis using FISH revealed the chromosome rearrangements of macrochromosomes between the chicken and Japanese quail (three pericentric inversions and one centromere repositioning) (Shibusawa et al., 2001) and between the chicken and pheasant (two interchromosomal rearrangements) (Shibusawa et al., 2004) . However, a reduction in the number of spermatogonia and meiotic arrest at early prophase before the completion of chromosome synapsis have been commonly observed in F 1 hybrids between the chicken and the two species (Yamashina 1943a; Takashima and Mizuma, 1981) , which suggests that the mechanism controlling sterility in these F 1 hybrids is due to genetic, rather than chromosomal incompatibilities between the parental species. In contrast, the effect of chromosomal dissimilarities between the domestic duck and Muscovy duck is not so serious that meiosis progresses beyond the zygote to the early pachytene of meiosis I in their F 1 hybrids. Therefore, the mule duck could be a useful avian model for studying the molecular basis of hybrid sterility caused by a chromosome incompatibility. Chromosome structural differences at the molecular level between two species and the status of chromosomal synapsis at zygote-to-pachytene in their F 1 hybrids needs to be examined for a better understanding of the genetic basis for avian hybrid sterility.
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